b S Supporting Information M alaria remains one of the most devastating infectious diseases in the world. More than 750,000 deaths from malaria were reported in 2009 with a significant portion of the victims being children under the age of five.
1 The absence of a viable vaccine places additional importance on chemotherapy to control malaria and treat infected individuals. Although many useful antimalarial drugs have been developed, continued emergence and dissemination of drug-resistant parasites have compromised the efficacy of many of the available malaria treatments (reviewed in ref 2). This list includes 4-aminoquinolines, antifolate inhibitors, and atovaquone, an analogue of ubiquinone. The latter is a cytochrome bc 1 complex inhibitor and a leading antimalarial used in treatment and causal prophylaxis.
A traditional approach to antimalarial drug discovery has been to identify high-value targets, purify recombinant protein, and then perform biochemical assays to identify inhibitors (reviewed in ref 3). Alternatively, in silico approaches in which compounds are docked to the structures of predicted targets have also been used in lieu of biochemical screening to generate rationale drug discovery leads. 4, 5 A shortcoming of target-based approaches is that identified targets may not be essential. For example, the FabI enzyme was originally thought to be a high-quality target, but recent experiments have shown the FAS-II pathway to be nonessential for parasite blood stages. 6 Furthermore, inhibition of the purified target may not necessarily translate to the parasite due to competing physiological and metabolic factors that may be difficult to predict or reproduce. Therefore, a better approach might be to select targets that have been chemically validated in cell-based assays and to perform secondary biochemical screens on these targets. To identify chemically validated targets, we performed a highthroughput screen against an annotated compound library of 28,000 known drugs and natural products preselected to have drug-like characteristics. Decoquinate, a compound currently used as a coccidiostat, showed the greatest selectivity for Plasmodium falciparum, reflected by the high therapeutic index, and was selected for further chemical genetic analysis and target discovery. We show here using genetic, biological, and in silico approaches that decoquinate targets the ubiquinol-binding pocket of P. falciparum cytochrome b (PfCYTb).
' RESULTS AND DISCUSSION
Screening an Annotated Compound Library To Discover Antimalarials. Our initial goal was to identify antimalarial compounds that could be used in subsequent target identification studies. The screen hits from a previous high throughput, cell-based screen of blood stage P. falciparum carried out with an annotated compound library (>28,000 compounds) were evaluated. 7 In contrast to random small molecule libraries used in other high-throughput screens, 7À10 these compounds have drug-like characteristics and have the advantage of being available from vendors, eliminating the need for chemical resynthesis. The initial screen detected 104 compounds (∼0.4% hit rate) that inhibited parasite proliferation by 50% at concentrations less than 1.25 μM. On the basis of compound availability and the presence of a unique chemical scaffold, 30 of the 104 compounds were subsequently selected and retested in a dose-response assay (Table 1) .
Compounds with antimalarial activity were next evaluated for parasite selectivity by comparing the ratio of the 50% inhibitory concentration (IC 50 ) value measured against P. falciparum 3D7 strain and the 50% cytotoxicity concentration (CC 50 ) measured against Ba/F3 cells, an immortalized murine bone marrow-derived pro-B-cell line. The resultant therapeutic index (CC 50 /IC 50 ) is a good indicator of compound selectivity and showed YM-95831 (>260), F-HHSiD (610), and decoquinate (>2,500) to have the greatest ratios (Table 1) . The high selectivity of these compounds combined with scaffolds unique among known antimalarials (Figure 1 ) made these interesting candidates for further investigation (extended discussion in Supporting Information).
To further prioritize these compounds, we examined their pharmacokinetic properties. While YM-95831 retained high selectivity in vitro between panels of drug-resistant parasites (Supplementary  Table 1 ) and mammalian cell lines (Supplementary Table 2) , it showed extremely low plasma exposure (t 1/2 < 30 min; Supplementary Table 3 ) when administered orally to mice. Likewise, F-HHSiD was also eliminated from the mouse bloodstream so rapidly (t 1/2 < 30 min; Supplementary Table 3) that it was below detectable limits in the plasma less than 30 min after oral administration. Decoquinate, on the other hand, has been reported to have excellent pharmacokinetic properties (t 1/2 = 9À22 h (iv) in chickens
11
). This may be due to the long lipophilic side chain at the R 1 position because ciproquinate ( Figure 1, panel a) , a short chain derivative of decoquinate, has potent antimalarial activity in our assay (IC 50 = 5 nM; Table 1 ) but suffers from poor oral pharmacokinetics (t 1/2 < 30 min; Supplementary Table 3) . Taken together, not only does decoquinate have an attractive chemical scaffold, 12 but it also has an optimized side chain for an improved pharmacokinetic profile. As a result of these characteristics, we selected decoquinate for target identification studies. 15 It has been shown that P. falciparum often acquires genomic changes in the gene encoding the drug target in response to selection pressure. These changes can be readily detected on a high-density DNA microarray or, alternatively, by whole genome sequencing. Selection of UV-irradiated parasites with increasing concentrations of decoquinate leads to the emergence of DEC-R parasites (Supplementary Figure 1, panel a) . A clonal line of DEC-R parasites was subcloned from the resistant culture for analysis by DNA microarray and dose-response analysis confirmed a 90-fold increase in the IC 50 compared to the decoquinate-sensitive parental strain (Supplementary Figure 1, panel b) .
The array has been previously used to detect both newly acquired single nucleotide polymorphisms (SNPs) and copy number variations (CNVs). 15À18 Genome scanning revealed that the DEC-R clone did not acquire CNVs in the nuclear genome (Supplementary Table 4) ; however, potential coding mutations were detected in three genes (P-value cutoff of 1 Â 1
À10
). A less stringent cutoff of 1 Â 10 À5 identified potential SNPs in 13 additional genes (Supplementary Table 5 ), including dihydroorotate dehydrogenase (pfdhod; PFF0160c) whose gene product interacts with PfCYTb and could represent an important second site mutation. Sequencing of PfDHOD showed that this potential lesion was a false positive, which is consistent with the high P-value assigned to this prediction. Manual inspection of the microarray data for the other 12 genes supported that these genes were also false positives. The three genes with the greatest probability of containing a SNP were genes encoding a hypothetical protein on chromosome 14 (PF14_0110), protein kinase 4 (PFF1370w), and the mitochondrially encoded PfCYTb (mal_mito_3; pfcytb; Supplementary Table 5 ). The strongest signal from this group of genes was from that detected in pfcytb ( Figure 2 , panel a; false positive probability = 1 Â 10
À72
). Direct sequencing of pfcytb validated the array signal and revealed two closely spaced, nonsynonymous SNPs resulting in A122T and Y126C amino acid mutations. Although the SNPs in both PFF1370w and PF10_0110 could be important, the SNP in pfcytb was considered the most promising.
PfCYTb is a critical subunit in the cytochrome bc 1 complex. Located in the inner mitochondrial membrane, the cytochrome bc 1 complex is an essential component of the electron transport chain (ETC) and is responsible for pyrimidine biosynthesis. The ability of decoquinate to inhibit electron transport in Eimeria spp. 19 is consistent with decoquinate targeting PfCYTb. Furthermore, studies of in vitro-derived decoquinate resistance in Toxoplasma gondii revealed that mutations in cytochrome b diminished decoquinate potency. 20 Importantly, PfCYTb has also been identified as the target of atovaquone, 21À24 a clinically licensed antimalarial drug currently used in combination therapies, including Malarone. Interestingly, the DEC-R clone exhibited limited crossresistance to atovaquone with a 4-fold loss of atovaquone potency (Figure 2, panel b ). This suggests that atovaquone and decoquinate have a shared mode of action/resistance.
Decoquinate Exhibits in Vitro and in Vivo Liver Stage Activity. Allelic exchange cannot be performed on the mitochondrial genome, so we sought alternative methods to validate that the PfCYTb mutations of the DEC-R line confer decoquinate resistance. First, we hypothesized that if cytochrome bc 1 complex were the target, decoquinate, like atovaquone, would be active in hepatic stages of the parasite. 25 Sporozoites were assayed for their ability to develop within human hepatocytes expressing murine CD81, an essential surface protein required by the parasite for successful invasion. 26, 27 As expected, atovaquone showed low nanomolar liver stage activity (1.70 nM) that was comparable to the IC 50 value observed against blood stage parasites. Impressively, decoquinate showed a 10-fold increase in activity over atovaquone with an IC 50 value of 177 pM ( Figure 2 , panel c) supporting the hypothesis that decoquinate shares properties with atovaquone, including inhibition of the cytochrome bc 1 complex. In contrast, the DMSO control had no effect on parasite or hepatocyte proliferation. To confirm these results, decoquinate was used in an animal prophylaxis test in which mice are given a single 50 mg kg À1 oral dose at the same time as receiving 50,000 P. yoelii sporozoites injected intravenously. Four of five mice treated with decoquinate survived, whereas one developed delayed patent parasitemia on day 7 (Table 2 ). All five untreated mice developed patent parasitemia within 3 days and needed to be euthanized at day 7, whereas those five given a single 2.5 mg kg À1 dose of atovaquone were completely protected and survived.
Decoquinate Inhibits the Electron Transport Chain in Plasmodium falciparum. To obtain further support that decoquinate works by inhibiting the electron transport chain, we used transgenic parasites in which the cytochrome bc 1 complex is rendered nonessential. P. falciparum parasites rely exclusively on a type 2 dihydroorotate dehydrogenase (PfDHOD) to synthesize orotate, a precursor for pyrimidine biosynthesis, from dihydroorotate.
28 Flavinmononucleotide (FMN), an essential cofactor of PfDHOD, mediates an intermolecular electron transfer in which the hydride equivalent from the dihyrdoorotate is transferred to ubiquinone (CoQ 10 ) and creates dihydroubiquinone (CoQH 2 ). 29 Thus, CoQ 10 functions as the final electron acceptor in dihydroorotate oxidation, and the cytochrome bc 1 complex is required to reoxidize CoQH 2 to CoQ 10 . 24 On the other hand, Saccharomyces cerevisiae encodes a type 1A DHOD (ScDHOD), which performs the same conversion of dihyroorotate to orotate 30 but utilizes fumarate as the final electron acceptor instead of CoQ 10 . As a result, the enzymatic activity of ScDHOD functions independently of the cytochrome bc 1 complex, rendering it nonessential in transgenic parasites expressing ScDHOD in the D10 strain (ScDHOD-D10). Therefore, cytochrome bc 1 inhibitors are expected to show a significant loss of potency against the ScDHOD-D10 line relative to the parental D10 line. 22 In this study, we utilized ScDHOD-D10attB parasites in which a single copy of the ScDHOD gene was integrated (see Methods). Atovaquone, a validated inhibitor of the cytochrome bc 1 complex, as expected showed a large shift in its IC 50 value (>1900-fold shift) against the ScDHOD-D10attB line (Table 3) . A >180-fold shift in the IC 50 of decoquinate was observed in the ScDHOD-D10attB line (Table 3) indicating that the primary mode of action for decoquinate is inhibition of the mitochondrial ETC. Predictably, no shift was observed for anisomycin, an antimalarial that inhibits protein synthesis. However, the transgenic parasite line demonstrated a slight increase in mefloquine sensitivity (Table 3) .
To confirm the results from the transgenic strain, mitochondrial membranes were prepared from P. yoelii and cytochrome c reductase activity was assayed with atovaquone and decoquinate (Supplementary Figure 2) . An IC 50 value of 7.6 nM was calculated for atovaquone and 97 nM for decoquinate. Both values are comparable to the cell-based activity determined from the SYBR Green-based proliferation assay. These data further support that the primary mode of action of decoquinate is to inhibit the cytochrome bc 1 complex.
Molecular Modeling of Two Different Inhibitor Classes to
Cytochrome b. We next performed molecular modeling to elucidate the underlying molecular mechanism for limited cross-resistance between atovaquone and decoquinate. PfCYTb, the putative target of each inhibitor, is a catalytically important subunit of the cytochrome bc 1 complex. Two discrete reaction sites, Q o and Q i , have been characterized within PfCYTb. Q i is the ubiquinone reduction site, and Q o is the ubiquinol oxidation site. Both sites are druggable, and inhibitors have been classified by which binding pocket they target. Q o site binders are known as class I inhibitors, whereas Q i site binders are called class II inhibitors. 31 Previous investigations have delineated that two general modes of binding persist for class I inhibitors. Decoquinate has a chemical scaffold similar to those of some of the Q o inhibitors but does not match to either subclassification. Therefore, we initiated molecular dynamics and energy minimization studies of decoquinate with a homology model of PfCYTb to help resolve the most likely mode of binding. The results of the docking studies support that decoquinate belongs to class Ia inhibitors. Superposition of the energy minimized structure of decoquinate overlays more closely with the positioning of famaxodone and MOAS in co-crystallographic studies 34 ( Figure 3, panel b) . Importantly, the ethyl carboxylate substituent of decoquinate is predicted to occupy the same binding space as the MOA substituent in MOAS and the heterocyclic ring in famoxadone. This predicted mode of binding is significant because it places each of the aforementioned substituents proximal to helix C. Amino acid residues 122 and 126, the site of decoquinate-resistance mutations, both reside in this helix. Presumably the positioning of decoquinate relative to the A122T and Y126C mutations alters the structural complementarity between the Q o pocket and decoquinate thereby reducing the binding affinity. It should be noted that Glu261 preferentially Decoquinate has a resistance and activity profile similar to that of atovaquone. (a) The Àlog(P-value) for hybridization differences (z-test; blue line) is shown for pfcytb and flanking DNA. The spike is characteristic of a detected SNP. Below the gene model, the loss of hybridization resulting from the polymorphism was visualized probe-byprobe by plotting the log 2 ratio of probe intensities in the decoquinateresistant line versus the parental 3D7 line. (b) The IC 50 values for atovaquone (ATQ), decoquinate (DEC), and mefloquine (MFQ) are shown for the parental 3D7 strain (white bars) and the DEC-R line (black bars). Statistically significant differences between IC 50 values of the parental 3D7 line and the DEC-R line were calculated by a two-tailed unpaired t test: *P < 0.001. (c) Inhibition curves of decoquinate (circles) and atovaquone (squares) against P. yoelii sporozoites in human liver cells. The IC 50 values were calculated using a nonlinear regression curve fit. Atovaquone was determined to have an IC 50 value of 1.7 nM, whereas decoquinate had activity equivalent to that of atovaquone at one log lower inhibitor concentration (IC 50 = 177 pM). DMSO had no effect on the culture. IC 50 values for all experiments are represented as means ( SD and were calculated from at least two independent experiments performed in duplicate.
adopts a rotamer that extends away from the class Ia inhibitors, whereas Glu261 in the co-crystal of stigmatellin A extends toward the inhibitor and is in hydrogen bond distance with the hydroxyl group of stigmatellin A.
Examination of the positioning of stigmatellin A in the Q o pocket from crystallographic studies 33 shows that class Ib inhibitors do not bind as deeply into the pocket. Instead they favor the distal region from helix C where this class can more easily interact with the histidine residue from the Rieske ISP (Figure 3, panel c) . Although crystallographic data do not exist for atovaquone, an in silico investigation into atovaquone's mode of binding here supports that it is a class Ib inhibitor. The model by Kessl et al. also predicts that atovaquone forms a hydrogen bond with the histidine residue from the Rieske ISP, which is characteristic of class Ib inhibitors. 35 Collectively, the classification of atovaquone as a class Ib inhibitor, the distinctly different mode of binding predicted for decoquinate, the unique decoquinate resistance SNPs in helix C, and the limited cross-resistance with atovaquone in the DEC-R line are supportive of decoquinate adopting a class Ia mode of inhibition.
Decoquinate Possesses Limited Cross-Resistance against Atovaquone-Resistant Lines. Finally, we sought to test the modeling predictions by examining whether decoquinate would be active against a panel of atovaquone-resistant (ATQ-R) lines with various mutations in the CoQ 10 -binding (Q o ) site. Mutation of residue 133 from methionine to isoleucine (M133I) is a common resistance mutation observed in cultures derived from in vitro atovaquone selection. 23 The M133I mutation is present in three of five ATQ-R lines. Also a fourth line has a methionine to valine mutation at 133 that has not been described before. Both the isoleucine and valine mutations at residue 133 resulted in a ∼16-fold loss in atovaquone potency (Figure 4, panel a) , whereas mutation of residue 133 did not alter the IC 50 value of decoquinate (Figure 4, panel b) . The same was true for residue 144, which reduced atovaquone's potency by ∼200-fold but had no effect on decoquinate's potency. The triple mutant (M133I/ V140T/L181 V) results in a 5-fold loss in decoquinate potency, whereas these same mutations result in a 2000-fold loss in atovaquone potency. Finally, the single mutation of residue 267 from phenylalanine to valine (F267 V) had a more moderate effect with only a 2-fold loss in decoquinate potency while decreasing atovaquone potency by 20-fold. The control compound anisomycin had nearly invariable IC 50 values for the ATQ-R lines, except for a slight loss of potency versus the double mutant (Figure 4, panel c) , whereas mefloquine was more variable and showed a 2-fold shift in multiple strains (Figure 4 , panel d), suggesting that additional modifiers of drug resistance may have arisen in these strains. Finally, we could not confidently establish, one way or the other, whether a fitness cost was associated with the ATQ-R lines.
Conclusions and Implications. The ETC in the mitochondria represents a desirable target for antimalarials because of the parasite's reliance on this pathway in both liver and blood stages. For this reason, PfDHOD, an essential enzyme in the ETC and de novo pyrimidine biosynthesis, has become an attractive drug target. 8 Alternatively, the identification of cytochrome bc 1 inhibitors with limited or no cross-resistance to atovaquone is also a viable option. 36 Our experiments indicate decoquinate and atovaquone have different and highly specific interactions within the ubiquinol-binding site of PfCYTb. The mutations conferring decoquinate resistance have not been observed in any P. falciparum ATQ-R lines to date, 23,37À39 suggesting that these residues are more important to decoquinate binding than atovaquone binding. Furthermore, limited cross-resistance was observed for decoquinate against ATQ-R lines,which supports the molecular model that each of these compounds adopts a different mode of binding within the ubiquinol-binding site of PfCYTb.
Whether PfCYTb possesses the ability to simultaneously bear mutations that confer both atovaquone (i.e., M133I) and decoquinate (i.e., A122T and Y126C) resistance remains to be determined. Mutations conferring atovaquone resistance in the ubiquinol-binding pocket of yeast cytochrome b have been linked to a fitness cost, 40 which suggests dual resistance to class Ia and Ib inhibitors may be challenging for the parasite. Likewise, Japrung et al. observed that the combination of two drug classes (pyrimethamine and WR99210) that have different modes of binding to the folate pocket of P. falciparum dihydrofolate reductase helped to curtail the rapid acquisition of resistance mutations. 41 It would thus be worth examining whether the combined use of class Ia and Ib inhibitors of cytochrome b would yield similar in vitro success.
Nevertheless, the development of next-generation cytochrome bc 1 inhibitors as antimalarials has been plagued by poor species selectivity, limited compound solubility, and low metabolic stability. 36 A recent medicinal chemistry effort demonstrated that 4-quinolone analogues with improved physiochemical properties could be achieved without sacrificing in vitro antimalarial activity and maintaining little to no cross-resistance with atovaquone. 42, 43 While promising, decoquinate requires further investigation to determine if it is a suitable starting point for a next-generation cytochrome bc 1 complex inhibitor. Another interesting feature of our study is that two relatively different pharmacophores appear to be acting against the same critical malaria target. These data indicate that predicting the target of a small molecule based on conserved chemical features (e.g., framework analysis 9 ) may not be straightforward and that additional experimentation is critical to establish a chemical genetic link between inhibitor and target. Evolution to resistance in combination with genome scanning is a very powerful method in this respect. In general, there is substantially less ambiguity, which is exemplified here as we found only three potential candidate genes. In contrast, affinity chromatography and subsequent mass spectrometry analysis may reveal scores of candidate targets. Furthermore, a cheminformatic analysis may indicate a compound to be a kinase inhibitor but not reveal which one. Of course, here as with other studies we found more than one candidate gene, including protein kinase 4, a plausible target of unknown function. If the body of evidence was not overwhelmingly in favor of cytochrome bc 1 being the target, additional rounds of evolution and genome scanning could reduce ambiguity. This has proven helpful in other cases. 16, 18 Thus, although time-consuming, we feel it will be the most attractive way to identify the targets of the thousands of antimalarial compounds identified in recent cell-based screening campaigns.
7À10
' METHODS Additional details and sections are available in Supporting Information.
SYBR Green Proliferation Assay. 3D7 and other strains of P. falciparum were cultured, screened, and used in dose-response assays according to Plouffe et al. 7 Resistance Selection of Mutagenized Parasites. A newly established culture of a clonal line of 3D7 (5% parasitemia and 2.5% hematocrit) was placed 15 cm below the UV lamp installed in a biosafety cabinet and UV-irradiated for about 1 min. Once the parasites regained a normal growth profile as checked by blood smear, drug was added to the medium. A starting concentration of half the IC 50 value was used and incrementally increased over a 2-month period. Limiting dilution was performed to select a clonal line.
Single-Step Selection of Atovaquone-Resistant Parasites.
Triplicate cultures of 3D7 parasites were treated with a single concentration of atovaquone (2, 20 or 50 nM) and maintained under drug pressure until parasites could be detected by thin-blood smear.
Genome Scanning. Microarray analysis was completed using the methods detailed by Dharia et al. Prophylaxis Activity test. Each ICR female mouse (7 weeks, 26À36 g) was injected with 50,000 P. yoelii (17XNL strain) sporozoites via the tail vein and immediately dosed by oral gavage with atovaquone (2.5 mg kg
À1
) or decoquinate (50 mg kg À1 ). Parasitemia was monitored daily by Giemsa staining using blood collected by tail snip. Mice were euthanized when parasitemia exceeded 20%.
Assaying for Electron Transport Chain Inhibitors. Generation of the ScDHOD-D10attB line is described by Ke et al., 44 and the SYBR Green proliferation assay was used to determine the IC 50 values of small molecule inhibitors.
Molecular Modeling. The P. falciparum cytochrome b model was built by homology using the X-ray crystallographic coordinates for the bovine cytochrome bc 1 complex co-crystallized with stigmatellin A (PDB ID 1PP9) as a template, and fully flexible ligand docking was performed with Glide (version 5.5; Schr€ odinger). 45 The PyMOL Molecular Graphics System (version 1.2r2, Schr€ odinger) was used to render the models and prepare figures.
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